ϩ -activated potassium channels are widely expressed in neurons and other cells, such as kidney, heart, and skeletal muscle. Although their important physiological roles continue to be appreciated, molecular determinants responsible for sensing intracellular Na ϩ remain unknown. Here we report identification of an Na ϩ regulatory site, similar to an Na ϩ coordination motif described in Kir channels, localized in the RCK2 domain of Slo2.2 channels. Molecular simulations of the homologymodeled Slo2.2 RCK2 domain provided structural insights into the organization of this Na ϩ coordination site. Furthermore, free energy calculations reproduced the experimentally derived monovalent cation selectivity. Our results suggest that Slo2.2 and Kir channels share a similar mechanism to coordinate Na ϩ . The localization of an Na ϩ sensor within the RCK2 domain of Slo2.2 further supports the role of RCK (regulators of conductance of K ϩ ) domains of Slo channels in coupling ion sensing to channel gating.
Introduction
The Na ϩ -activated potassium channel (K Na ) currents were first recorded in guinea pig ventricular myocytes (Kameyama et al., 1984) . The open probability of these highly selective K ϩ channels was found to be steeply dependent on the Na ϩ concentration (Kameyama et al., 1984) . The K Na channel Slo2.2 [or Slack (for "sequence like a calcium-activated K ϩ ")] is a member of the Slo2 gene family (Yuan et al., 2003) . There are two N-terminal splice variants of the Slack mRNA, a shorter Slack-A and a longer Slack-B. The rSlack-B gene encodes a 1237 aa protein, which can form homomeric channels but can also coassemble with another homologous protein named Slick [for "sequence like an intermediate conductance K channel" (Slo2.1)] to form heteromeric channels (Bhattacharjee et al., 2003; Brown et al., 2008; Chen et al., 2009 ). The full-length rat Slick gene encodes a protein of 1142 aa that shares 74% sequence identity to the rat Slack protein. Sodium-activated K ϩ channels (K Na channels) are members of a family of high-conductance potassium ion channels. Their amino acid sequence contains six putative membrane-spanning domains, a P-region between predicted transmembrane domains 5 and 6, and an extensive C-terminal region. The C-terminal region of both Slick and Slack is predicted to encode two RCK (regulators of conductance of K ϩ ) domains, similar to the Slo1 gene that encodes the large-conductance calcium-activated potassium channel (Jiang et al., 2002a,b) . Thus far, the molecular determinants of the sodium regulatory site(s) of the Slack channel remain unknown.
Sodium-activated potassium channels are widely expressed in the CNS and in heart (Egan et al., 1992; Bhattacharjee et al., 2002) . K Na channels may play an important role in synaptic transmission (Nanou and El Manira, 2007; Nanou et al., 2008) , in the modulation of the action-potential waveform (Yang et al., 2007; Gao et al., 2008) , and in the responses of excitable cells to hypoxia and ischemia (Dryer, 1994) .
Native G-protein-sensitive inwardly rectifying K ϩ (GIRK) (K Ach or Kir3) channels are also activated by Na ϩ (Sui et al., 1996) . Na ϩ activation of Kir3 channels is limited to the neuronal Kir3.2 (GIRK2) and the cardiac Kir3.4 (GIRK4) subunits. Chimeras between Kir3.1 and Kir3.2 or Kir3.4 identified a critical Asp residue (GIRK2-D226 and GIRK4 -D223) as a sodium regulatory site in the Kir3.2 channel (Ho and Murrell-Lagnado, 1999a; Zhang et al., 1999) . The reverse equivalent mutation N217D in the Kir3.1 channel and N216D in the Kir2.1 (IRK1) channel conferred sodium sensitivity to these channels (Ho and Murrell-Lagnado, 1999b; Zhang et al., 1999) . Molecular dynamics (MD) simulations using the structure of Kir3.1 combined with experimental tests revealed that the Asp coordinates the Na ϩ ion as part of a loop structure with the aid of a His side chain as well as backbone carbonyls of two other residues (Rosenhouse- Dantsker et al., 2008) . Moreover, Kir5.1 that possesses the DXRXXH motif was also shown to be Na ϩ sensitive.
In the present study, we investigated whether the Na ϩ coordination motif found in Kir channels also exists in Slack channels. By screening the Slack-B channel C terminus with the Kir Na ϩ coordination motif sequence, we identified an Asp residue (D818) in the Slack RCK2 domain, the mutation of which dramatically decreased the sodium sensitivity of Slack channels. Additional mutagenesis scanning experiments revealed the His (H823) residue corresponding to the His residue in the Kir motif that also critically contributed to the Na ϩ sensitivity of Slack channels. Molecular simulations and free energy calculations reproduced the experimentally derived monovalent cation selectivity. These results indicate that a conserved Na ϩ coordination site is shared by two different types of K ϩ channels, the K Na and Kir channels.
Materials and Methods
Oocyte isolation and culture. Stage VI Xenopus laevis oocytes were harvested and used for cRNA injection as described previously (RosenhouseDantsker and Logothetis, 2006) . Slack and Slick mutant cRNAs were prepared at a concentration of ϳ1 g/l, and each oocyte was injected with 50 nl of cRNA. Currents were recorded within 3-5 d.
Constructs and mutations. The Slack-B construct (GenBank accession number NP 942057) was a gift from Dr. Kaczmarek (Yale University School of Medicine, New Haven, CT). Slack mutations were made following previously published procedures .
Electrophysiology. Currents were recorded in the inside-out patch configuration using an EPC 9 amplifier (HEKA) and the Pulse fit program (HEKA). We observed current rundown in ϳ50% of excised inside-out patches. All currents were recorded within 30 s after patch excision to minimize significant rundown (Tamsett et al., 2009) , and only patches that did not show rundown were included in the analysis. Patch-clamp recording pipettes were made from borosilicate capillary tubes (PG10150-4; World Precision Instruments) and had resistances of 1-3 M⍀. Gigaohm seals were formed in ND96K-EGTA solution [in mM: 90 KCl, 20 HEPES-K, and 50 EGTA-K-02/ 06M (200 mM EGTA and 600 mM KOH), pH 7.4]. The standard pipette/extracellular solution was also ND96K-EGTA. Different bath solutions (BS) were used. For screening and scanning Na ϩ sensitivity of Slack mutations, BS1 contained the following (in mM): 90 KCl, 20 HEPES-K, 50 EGTA-K-02/06M, and 0 -1000 NaGlu. For testing the Na ϩ sensitivity of constructs in the absence of Cl Ϫ , BS2 contained the following (in mM): 90 mM KGlu, 20 HEPES-K, 50 EGTA-K-02/06M, and 0 -1000 NaGlu. For testing sensitivity of constructs to chloride, BS3 contained the following (in mM): 90 mM KGlu, 20 HEPES-K, 50 EGTA-K-02/ 06M, and 0 -500 choline chloride. Experiments were performed at 22-25°C. Salts of the compounds mentioned were obtained from Sigma.
Single-channel analysis. Amplitude histograms were measured, idealized, and fitted with a Gaussian function using the software ANA.EXE. The open probability (P o ) of the channels was calculated using the area under each peak (aj) at each current level ( j) in the histogram along with the number of channels ( N) as follows:
Homology modeling. A segment that includes residues 243-321 of the crystallographic structure of the RCK domain from the Escherichia coli K ϩ channel (Protein Data Bank identification number 1id1) (Jiang et al., 2001 ) was used as the basis for the homology model of the segment of Slo2.2 that includes residues 778 -865. The resolution of the crystallographic structure (Protein Data Bank identification number 1id1) was 2.4 Å, and the overall similarity (identity, strong and weak similarity) between the sequences of the segments of the RCK domain (residues 243-321) and Slo2.2 (residues 778 -865) was 56%. The basic model was constructed using the protein homology/analogy recognition engine QuickPhyre (Bennett-Lovsey et al., 2008 ). The homology model was then minimized using the Steepest Descent and the adopted-basis Newton Raphson algorithms as implemented in CHARMM version 32 (Brooks et al., 1983) . The final orientation of the side chains in the homology model was obtained after minimization in the presence of sodium.
Molecular modeling. The c35b1 version of the CHARMM program (Brooks et al., 1983) was used to run MD simulations for the Kir3.1N217D cytosolic domain (Protein Data Bank identification number 19NP) and the homology modeled domain of Slo2.2. The Na ϩ ion was introduced at the binding pocket identified in a previous study in Kir channels (Ho and Murrell-Lagnado, 1999a; Rosenhouse-Dantsker et al., 2008) . The simulation box contained one protein with one bound Na ϩ solvated by a 100 mM NaCl aqueous salt solution, comprising a total of ϳ48,000 atoms. The CHARMM-GUI interface was used to build all simulation systems (Jo et al., 2009 ). All simulations were performed at constant pressure (1 atmospheric unit) and constant temperature with periodic boundary conditions (Feller et al., 1995) . Electrostatic interactions were treated using a particle mesh Ewald algorithm (Essmann et al., 1995) . All systems were equilibrated for 1.5 ns and then subjected to 10 ns production runs. The analysis of root mean square (RMS) fluctuations indicates that structures for wild-type and mutant proteins were stable for the entire simulation time. The SCWRL 4.0 was used to introduce side-chain replacements for construction of mutated amino acid residues (Krivov et al., 2009 ). To ensure optimal packing for the mutated residue, 2 ns of the reequilibrating MD simulations were performed in the presence of weak harmonic constraints (1 kcal/mol/Å 2 ) on the backbone before production runs.
Free energy simulations: evaluation of relative ion binding affinities. Free energy perturbation (FEP) simulations to evaluate the absolute free energy of ion uncharging and the relative free energy for site specificity of the sequence Li ϩ , Na ϩ , K ϩ were performed using the CHARMM PERT command for the Kir3.1N217D and the Slo2.2 cytosolic domains as well as for the Slo2.2 mutants D818E, D818N, and D818R using a previously developed protocol (Caplan et al., 2008; Noskov and Roux, 2008) . A thermodynamic coupling parameter varying between 0 and 1 was used to alchemically transform Na ϩ into a different ion type (K ϩ or Li ϩ ), and 11 intermediate windows were used to go from 0 to 1 in increments of 0.1. A total of 22 windows with 500 ps each were run to obtain converged estimates on the relative free energies. The relative free energies used to characterize the binding site selectivity are as follows:
where ⌬G ij site is the difference in free energies of binding to the site between ion i and j, and ⌬G ij bulk is the difference in free energies of hydration between ion i and ion j. The positive sign in the relative free energy refers to the preference by the site for ion i. The reference values for the absolute free energy of Li ϩ , Na ϩ , and K ϩ uncharging (G bulk elec ) in the bulk water was estimated to be Ϫ113.1, Ϫ89.5, and Ϫ71.9 kcal/mol, respectively. These numbers are reported for simulations with periodic boundary conditions and have to be corrected for the presence of interfacial potential (correction of approximately Ϫ10 kcal/mol for the model used) to compare directly with experimental measurements. It should be noted that the relative free energies are insensitive to this correction as a result of the cancellation of this term. The reference values for relative free energy differences in the bulk for the model used in our study are ⌬⌬G(Na ϩ 3 K ϩ ) ϭ 18.01 kcal/mol (FEP simulation) or ⌬⌬G(Na ϩ 3 K ϩ ) ϭ 18.01 kcal/mol (as a difference in absolute free energies) and ⌬⌬G(Na ϩ 3 Li ϩ ) ϭ Ϫ23.4 kcal/mol. All parameters as well as the development protocol have been published previously (Caplan et al., 2008) . This approach to absolute and relative free energy computations is rooted in equilibrium thermodynamics of ion solvation but has been proven useful in many studies of ion permeation (Luzhkov and Aqvist, 2001; Noskov et al., 2004; Luzhkov et al., 2006) . The weighted histogram analysis method was used to post-process the FEP calculation data (Kumar et al., 1992; Souaille and Roux, 2001) .
Results

A common Na
؉ coordination site used by both Kir and Slo2.2 channels. Figure 1 A shows a seven residue sequence of the Kir Na ϩ coordination site that uses the side chains of the amino acid residues Asp and His at positions 1 and 6 separated by 4 aa, one of which is a highly conserved basic residue in position 3 (R). Three Kir channels (Kir3.2, Kir3.4, and Kir5.1) that possess the motif DXRXXH were shown to be Na ϩ sensitive, whereas others (Kir2.1 and Kir3.1) could be made Na ϩ sensitive by engineering the motif through mutagenesis (Zhang et al., 1999; RosenhouseDantsker et al., 2008) . Six potential sites in the C terminus of the Slack channel were similar to the Kir Na ϩ coordination motif, including an aspartate and a histidine separated by four to five residues, with a positively charged residue (R/K) between these two residues (Fig. 1 B) . In view of the flexibility of the CD loop that includes the sodium-binding motif in Kir channels, the pos- sibility of some deviation from the Kir sodium binding motif was taken into account during the design of the potential Na ϩ binding sites in Slack. The Asp residues in these potential sites were neutralized to Asn to test whether these mutants affected the sensitivity of Slack channels to Na ϩ . We applied a ramp voltage protocol from Ϫ100 to ϩ100 mV in inside-out patch-clamp recordings. Both currents from wild-type and mutant Slack channels exhibited sodium-dependent inward rectification attributable to voltage-dependent block by Na ϩ (Fig. 1C,D) . The current level at Ϫ90 mV in different Na ϩ concentrations was used to assess the sensitivity of wild-type and mutant Slack channels to Na ϩ . The current levels measured in different Na ϩ concentrations were normalized to the current level at 500 mM Na ϩ . Of the six putative Na ϩ -binding sites, four mutants, D382N, D549N, D444N, and D761N, decreased Slack channel sensitivity to Na ϩ only slightly (K d value increased less than twofold), whereas one mutant, D485N, showed the same sodium sensitivity as that of the wild-type Slack. In contrast, the D818N mutant dramatically decreased Slack sensitivity to Na ϩ more than fourfold (Fig.  1E,F) . Moreover, the D382ND818N double mutation did not show an additional decrease in sensitivity to Na ϩ compared with D818N (data not shown), suggesting that D818 is a major determinant of Na ϩ sensitivity in Slack channels. We then asked whether the residues around D818 conformed to the Kir consensus site by performing alanine scanning mutagenesis and testing for effects on Na ϩ sensitivity. We used a ramp protocol again and plotted the current values at Ϫ90 mV as a function of internal Na ϩ concentration (Fig. 2 D) . Typical traces and normalized currents of V814A, D818N, and H823A fitted with the Hill equation are also shown (Fig. 2 A-C) . The D818A mutant was not functional (data not shown). Our results illustrate that the K d values of the sodium sensitivities of mutants neighboring the D818 residue were not significantly changed, with the exception of H823A (Fig. 2 D, E) . These results suggest that Slack channels share with Kir channels an Na ϩ coordination site that is located in their RCK2 domain. The K820A mutation showed no effect on the Na ϩ sensitivity of the channel. In Kir channels, mutation of an Arg residue corresponding to K820 greatly reduces channel activity. Sequence comparison suggests that this site is not intact in the Slick channel (Fig. 1 A) . Because the Slick channel is also Na ϩ sensitive and the Slack channel retains a weak sodium dependence even after mutagenesis of the D818N/H823N sites, the existence of additional sodium binding sites is likely. Multiple sites for ion sensing are not surprising considering that the Slo1 Ca 2ϩ -activated potassium channel, which belongs to same channel family, possesses three distinct Ca 2ϩ binding sites that regulate its activity (Zeng et al., 2005) .
Because Slack channels are also sensitive to Cl Ϫ and Na ϩ and Cl Ϫ sensitivities show an intricate interdependence (Yuan et al., 2003) , we investigated the Na ϩ sensitivity of D818N in the absence of Cl Ϫ . The 90 mM KCl was replaced by 90 mM KGlu in both our bath and pipette solutions. Typical current traces of D818N under this condition are shown in Figure 3A . Current levels recorded at Ϫ90 mV were normalized to currents recorded in 250 mM Na ϩ (Slack) and 1000 mM Na ϩ (D818N), respectively. Normalized currents were plotted and fitted by the Hill equation (Fig. 3B) . Both the K d value of the wild-type Slack channel and the D818N mutant were increased in the absence of Cl Ϫ , however, the K d value of D818N to Na ϩ remained approximately fivefold higher than the value of the wild-type Slack channel (Fig. 3C) . Our results suggest that the effect of D818N on the Na ϩ sensitivity of the channel can operate independently of Cl Ϫ . To assess a potential influence of the D818N on Cl Ϫ sensitivity, we performed inside-out patch-clamp recordings with different Cl Ϫ concentrations in the bath solution. Our results on wild-type Slack currents agree with previous reports (Yuan et al., 2003) , showing that, in a 100 mM sodium solution, the K d value of the Slack channel for Cl Ϫ was 7.9 Ϯ 0.8 mM (data were fitted with the Hill equation; n ϭ 1.1) (Fig. 3D-F ) . Not surprisingly, the D818N mutant also dramatically decreased the Cl Ϫ sensitivity of the channel. The K d value of D818N for Cl Ϫ was 210 Ϯ 14.3 mM in 100 mM Na ϩ , with a concomitant increase in the Hill coefficient factor (n ϭ 1.9). This result suggests that disruption of an Na ϩ regulatory site decreased Cl Ϫ sensitivity more than 25-fold, further underscoring the intricate coupling mechanism between Na ϩ and Cl Ϫ sensitivities in Slack channels. Because Cl Ϫ sensitivity of Slack depends on Na ϩ sensitivity, we further compared the effect of the D818N mutant on Cl Ϫ sensitivity in 500 mM Na ϩ concentration, which provides a similar open probability for D818N as the open probability seen with the wild-type Slack channel in 100 mM Na ϩ . Our results show that the Cl Ϫ sensitivity of D818N was only approximately twofold less than the wild-type Slack channel in this condition. The K d was 18.2 Ϯ 3.9 mM (Fig. 3 E, F ) . These results show that the Cl Ϫ sensitivity of Slack could be changed modestly with increasing Na ϩ concentrations in the D818N background, suggesting either some contribution from additional Na ϩ regulatory sites or that the side chain of 818N could still play a role in coupling to Cl Ϫ sensitivity, considering that D818A was not functional.
Theoretical and experimental binding affinities for Na
؉ : comparison between the cytosolic domain of Kir3.1 and the predicted site in Slack A homology model of the RCK2 domain of Slack was constructed, using as a template the structure of a prokaryotic RCK domain (Jiang et al., 2001) (Fig. 4 A) . We analyzed a 10 ns trajectory for the Na ϩ -loaded Kir3.1N217D and Slack proteins in explicit solvent. Examples of the simulation system and ion binding pockets are shown in Figure 4 B-D, respectively. The RMS fluctuations for heavy atoms were ϳ2 Å for both structures, indicating high stability for the MD simulations in both systems. The results for monovalent cation selectivity of the tentative binding sites located in the C terminus of the Kir3.1N217D and Slo2.2 channels are shown in Table 1 . The sodium ion is stable residing in the tentative binding site for the entire course of the MD simulation (Ͼ10 ns for both systems), which is expected from reported experimental data indicating at least millimolar binding affinity to the tentative site (Sui et al., 1996; Ho and MurrellLagnado, 1999b). The site is open to solvent access, and water is transiently present in the first coordination shell of the ion. Our analysis indicates that the Na ϩ ion in the Slack site is coordinated by at least four residues and one water molecule (Fig. 4D ). This partial hydration pattern is similar to that found in numerous previous reports on ion binding to external sites in the KcsA and NaK channels (Noskov and Roux, 2007) . Both sites in the crystal and homology modeled structures display robust selectivity for Na ϩ against K ϩ . This can be explained by the presence of a negatively charged residue such as D818 (Slo2.2) in the first coordination shell of the ion in agreement with the "field-strength" theory proposed in the mid-60s by George Eisenman (1962) . A smaller cation such as Na ϩ would interact more favorably with the binding site containing charged ligand such as carboxylate (Eisenman, 1962; Noskov et al., 2004) . In the absence of Na ϩ , the interactions of K820 and D818 were stabilized through hydrogen bonding ͓an average distance of 1.8 Ϯ 0.24 Å between the OD* (carboxylate oxygen)-HZ* (a hydrogen in a charged amino group)͔, present in 92% of the frames with an average interaction energy of Ϫ92.3 kcal/mol). Na ϩ destabilized this interaction between K820 and D818 (an average distance of 2.7 Å between the OD*-HZ*, present in ϳ75% of the frames with an average interaction energy of Ϫ76.2 kcal/mol showing a large dispersion). Our simulations on relative free energies of Na ϩ versus Li ϩ also predicted that this regulatory site in the C terminus of Slo2.2 can potentially be occupied by Li ϩ but with weaker affinity than Na ϩ . The absolute binding affinities for a particular cation are difficult to calculate with FEP methods in part as a result of difficulties in sampling of ion dynamics for ending points of perturbation, in which the ion is fully uncoupled from the protein binding site (Deng and Roux, 2009; Mobley and Dill, 2009) . At the same time, the accuracy in FEP results for monovalent cation affinity is known to be around Ϯ1 kcal/mol and provides a robust measure of the difference in binding affinities between different cations (Noskov et al., 2004; Noskov and Roux, 2007) . Li ϩ , unlike Na ϩ , was not stable in the site and tended to escape to the bulk solution. To prevent ion escape from the binding site, weak structural constraints were used in all simulations with an Li ϩ ion. The ion was confined within a sphere with radius of 3.5 Å using a flat-bottom harmonic restraining potential with a force constant of 5 kcal/ mol/Å (Noskov and Roux, 2007) .
We proceeded to test for Li ϩ effects in an electrophysiological experiment. The typical current traces recorded from insideout patches using a voltage-ramp protocol in high concentrations of Cs ϩ , NH 4 ϩ , or Rb ϩ are shown in Figure 5A -C. None of these ions could significantly activate Slack currents in concentrations starting from 50 mM up to 1 M in macroscopic or unitary current recordings. Rb ϩ is the ion most similar to K ϩ and is often used in studies of selectivity. The lack of activation in the presence of Rb ϩ is in good accord with the apparent Na ϩ selectivity of the predicted binding site. Li ϩ activated the Slack channel in a dose-dependent manner (Fig. 5D) . Moreover, compared with Na ϩ , Li ϩ exhibited a weaker potency in activating Slack currents (Fig. 5E) . At a concentration of 500 mM, Li ϩ activated Slack currents at ϳ20% compared with Na ϩ (Fig. 5E,F) . These results were consistent with our predictions of constrained simulations evaluating Na ϩ /Li ϩ selectivity of this site.
Because D818 is a negatively charged residue that can form electrostatic inter- actions with positive charges, such as in Li ϩ and Na ϩ , we tested whether this electrostatic interaction plays a major role in the binding with Na ϩ . The results of FEP simulations on Slack mutants are shown also in Table 1 . Neutralization of the charge in position 818 by mutating the aspartate to an asparagine had a notable impact on the stability of bound sodium ion in the binding site as well as on the selectivity for Na ϩ . The reversal of the charge (D/R) mutation led to a very unstable binding site and large harmonic constraints (100 kcal/mol/Å 2 ) were required to keep the ion in the site. At the same time, a mutation conserving the charge (D/E) had no statistically significant effects on the ion selectivity of this binding site in free energy simulations.
We followed up to experimentally test the predictions of the FEP simulations for the D818 mutants. The D818R mutation further decreased Slack sensitivity to Na ϩ compared with D818N. With 500 mM Na ϩ , channel activation was still very low, but with 1M Na ϩ , it showed a significant increase still not reaching the maximum (Fig. 6 A) . Hill equation fits gave an estimate of the K d for D818R of ϳ866 Ϯ 154 mM (keeping the Hill equation coefficient factor as 4 and using the largest fitted current as 1 to normalize different macropatches) (Fig. 6C) . In contrast, when the negative charge was retained by mutating the D to E, the K d was only slightly higher than wild type (EC 50 of 80 Ϯ 10 mM) (Fig.  6 B, C) . The bar graph shown in Figure 6 D summarizes the K d values for mutations at this site.
We further tested the Na ϩ sensitivity of the wild-type Slack, D818E, and D818R at the single-channel level at Ϫ100 mV. No differences in unitary conductance were observed among the wildtype Slack and the mutants D818E and D818R. The unitary conductance of these channels in ND96 was ϳ145 pS, consistent with previously reported results (Yuan et al., 2003; Chen et al., 2009) . The open probability of these channels increased with increasing Na ϩ concentrations (Fig. 7A-C) . As shown in the sample traces, the wild-type channel (at 250 mM Na ϩ ) and the D818E mutant (at 500 mM Na ϩ ) exhibited saturated nP o values of 1.64 and 1.72, respectively, whereas there were a total of four discrete observed channel levels. However, for D818R, the saturated nP o was 1.82 (1000 mM Na) when there were a total of five discrete observed channel levels. The averaged P o from different patches was calculated by using the largest number of simultaneously open channels that was seen in the records. The saturated P o of Slack and D818E was 0.48 Ϯ 0.02 and 0.44 Ϯ 0.02, respectively, whereas the saturated P o of D818R was 0.36 Ϯ 0.03 (Fig. 7D-F) . These results show that D818R saturated open probability is still lower than that of D818E or the wild-type Slack even when the patches were perfused with much higher concentrations of Na ϩ . These results of the unitary activity of Slack were consistent with those obtained from macropatch recordings and FEP simulations. . Na ϩ sensitivity of unitary currents of wild-type Slack and D818E and D818R mutant channels. Sample single-channel traces measured at Ϫ100 mV at different Na ϩ concentrations in the inside-out patch-clamp configuration for wild-type Slack. A, D818E; B, D818R; C, total events were fitted by a Gaussian functions. A1, Slack with 50 mM Na ϩ ; A2, Slack with 250 mM Na ϩ ; B1, D818E with 50 mM Na ϩ ; B2, D818E with 500 mM Na ϩ ; C1, D818R with 250 mM Na ϩ ; C2, D818R with 1000 mM Na ϩ . Each number in the y-axis is times 10,000 events. The unit in the y-axis of the C1 inset stands for 4000 events. x-axes labels show the current level in picoamperes. Averaged P o values in different sodium concentrations of Slack (50 mM Na ϩ , P o ϭ 0.14 Ϯ 0.013; 100 mM Na ϩ , P o ϭ 0.42 Ϯ 0.014; 250 mM Na ϩ , P o ϭ 0.48 Ϯ 0.02), D818E (50 mM Na ϩ , P o ϭ 0.09 Ϯ 0.01; 100 mM Na ϩ , P o ϭ 0.27 Ϯ 0.014; 250 mM Na ϩ , P o ϭ 0.4 Ϯ 0.02; 500 mM Na ϩ , P o ϭ 0.44 Ϯ 0.02), and D818R (250 mM Na ϩ , P o ϭ 0.002 Ϯ 0.001; 1000 mM Na ϩ , P o ϭ 0.36 Ϯ 0.03) were summarized in D, E, and F, respectively.
Discussion
It has been shown previously that three Kir channels (Kir3.2, Kir3.4, and Kir5.1) possess an Na ϩ sensor that endows them with Na ϩ sensitivity even in heteromeric assemblies they form with other channel subunits that lack the Na ϩ sensor (RosenhouseDantsker et al., 2008) . MD simulations and mutagenesis experiments, based on crystallographic structures, showed that the Kir Na ϩ sensor partly comprises the side chains of an aspartate and a histidine that are located across from one another in a cytosolic loop (Rosenhouse-Dantsker et al., 2008) . This part of the coordination site forms a motif found in the three Na ϩ -sensitive Kir channels, DXRXXH, which can operate even in Na ϩ -insensitive Kir channels, when engineered by mutagenesis (e.g., Kir3.1N217D or Kir2.1N216D) (Ho and Murrell-Lagnado, 1999a; Zhang et al., 1999 ). In the current study, screening the C terminus of Slo2.2 for the presence of this Na ϩ -sensing motif revealed several possible sites, and mutagenesis confirmed that one such motif localized in the RCK2 domain of Slo2.2 operated as an Na ϩ sensor. Again the aspartate and the histidine side chains were key elements of the Slo2.2 Na ϩ coordination site. Free energy calculations were also consistent with experimental data regarding cation selectivity or the behavior of mutants of the critical Asp (D818E, D818N, and D818R). These results provide compelling evidence that a conserved local structural element of an Na ϩ sensor is used by distinct potassium channels with different general structures.
For Kir channels, mutation of the conserved arginine residue in the Na ϩ -sensing motif greatly reduced channel activity. Indeed, this Arg residue has been shown by a number of studies and in different Kir channels to be critical for interactions with phosphatidylinositol-bisphosphate (PIP 2 ) and its mutation to inhibit activity and cause the condition known as Andersen's syndrome (e.g., for Kir2.1, R218Q or R218W) (Zhang et al., 1999; Lopes et al., 2002; Pegan et al., 2005) . In the absence of Na ϩ , the Asp could hydrogen bond with the Arg and prevent it from interacting with PIP 2 , thus keeping the channel inactive. In the presence of Na ϩ , however, the Asp would switch to coordinate the Na ϩ ion, thus leaving the Arg free to interact with PIP 2 and activate the channel (Rosenhouse-Dantsker et al., 2008) . In the Slo2.2 channel, there is a lysine in place of the Arg residue in the Na ϩ -sensing motif. Mutation of K820 did not affect Na ϩ sensitivity of Slo2.2 channels. However, like in Kir channels, the Slo2.2 K820 residue hydrogen bonds with D818 in the absence of Na ϩ , whereas in the presence of Na ϩ , this interaction is destabilized. The functional significance of this switching mechanism is not presently clear for Slo2.2 channels.
However, the mere location of the Na ϩ -sensing motif in the RCK2 domain is intriguing. The RCK (regulators of conductance of K ϩ ) domains are specialized intracellular structures found in many putative prokaryotic K ϩ channels. The structure of the Ca 2ϩ -modulated bacterial channel MthK suggested formation of a gating ring composed of RCK1 and RCK2 domains, in which binding of Ca 2ϩ was proposed to expand the ring, pull on the linkers that connected it to the channel gates, and thus open the channel (Jiang et al., 2002a) . Similar models have been proposed for Slo1 channels (Niu et al., 2004) , because Ca 2ϩ and Mg 2ϩ binding sites to the RCK1 domain have been reported (Xia et al., 2002) and have been shown to contribute significantly to Ca 2ϩ sensitivity by a large number of studies (Salkoff et al., 2006; Cui et al., 2009 ). Thus, although additional important Ca 2ϩ -sensing sites have been identified, the contribution of the RCK1 domain to Ca 2ϩ sensitivity is widely accepted. Our finding that yet another ion sensor, the Slo2.2 Na ϩ sensor, is localized in the RCK2 domain of this channel provides additional credit to the notion that RCK domains are designed to couple distinct ion-sensing mechanisms to channel gating. Parallels with the Slo1 design of ion sensitivity may exist in Slo2.2 as well. Although mutations of the Asp and His residues in the identified RCK2 site were detrimental to Na ϩ sensitivity, they did not abolish it, suggesting that additional sites may be involved in sensing Na ϩ . Additional studies will be required, as has been the case with the Slo1 channels, to define the relationship of the RCK2 site to potential other ones and to discern how they couple to the channel gate. Finally, Slo2 channels show synergistic activation by both Na ϩ and Cl Ϫ . Although the elimination of the RCK2 Na ϩ site affected Na ϩ sensitivity independently of the presence of Cl Ϫ , at the same time it greatly diminished the ability of Cl Ϫ to activate the channel. Thus, the RCK2 Na ϩ site controls Cl Ϫ sensitivity but is not controlled by Cl Ϫ itself. This in an important constraint to consider as future studies aim to unravel the intricate interdependence of Slo2.2 on Na ϩ and Cl Ϫ . The physiological roles of Na ϩ -sensitive channels continue to be increasingly appreciated. In heart, K Na may play an important protective role under ischemic conditions (Kameyama et al., 1984; Luk and Carmeliet, 1990; Mitani and Shattock, 1992) . In neurons, their effects maybe dependent on a concomitant Na ϩ influx (Dryer, 1994), because they appear to be significant components of outward K ϩ currents (Budelli et al., 2009) , to regulate the accuracy of timing of auditory neurons (Yang et al., 2007) , and to modulate rhythmic firing and adaptation (Brown et al., 2008) . In kidney, Slo2.2 has been shown to be expressed in the medullary and cortical thick ascending limb of Henle's loop, one of the Na ϩ reabsorbing segments of the nephron (Paulais et al., 2006) . Interestingly, the remaining Na ϩ reabsorbing segments of the nephron, the proximal and distal convoluted tubules, express the inwardly rectifying Kir5.1 Na ϩ -sensitive channel. Thus, each Na ϩ reabsorbing segment of the nephron possesses an Na ϩ -activated K ϩ channel. Because a negative membrane potential of kidney tubular cells would contribute substantially toward Na ϩ reabsorption from the tubular lumen into the cell, Na ϩ -sensitive K ϩ channels could ensure that the membrane potential is maintained near the equilibrium potential for potassium. However, the purpose of using Slo2.2 versus Kir5.1 in specific nephron segments to achieve a negative membrane potential is likely to depend on characteristics of the individual channels rather than their similar Na ϩ -sensing mechanism.
